Acoustic admittance measurements at thickness shear mode resonators were used to determine shear moduli for polyaniline films during their potentiodynamic electrodeposition and subsequent redox cycling in aqueous background electrolyte. Data were acquired for films doped with perchlorate, sulphate or chloride anion. For all media, film shear moduli increased progressively with film thickness, from values consistent with a diffuse fluid-like layer to values typical of a viscoelastic material. At any given thickness, both the storage and loss moduli were largest in perchlorate medium; values in chloride and sulphate media were similar to each other, but smaller than in perchlorate. These measures of polymer dynamics are consistent with a previous classification of polyaniline film behaviour, in which perchlorate-doped films are viewed as compact while chlorideand sulphate-doped films are viewed as more open. In monomer-free background electrolyte solution, both film shear modulus components for all anions increased modestly upon film oxidation. Despite some hysteresis on the timescale of slow scan voltammetry, these variations were chemically reversible. Based on measurements involving deposition from chloride medium and transfer to sulphate medium, film shear moduli respond promptly to changes in dopant identity; this is consistent with rapid redox-driven exchange of anions with the bathing electrolyte.
INTRODUCTION
Polyaniline is a conducting polymer that has attracted considerable research interest [1] [2] [3] [4] [5] [6] , notably with regard to its chemical [7] , electrochemical [8, 9] and optical [4, 9] properties. In pursuit of understanding these properties based on the underlying elementary processes, detailed studies have been reported of various features of redox switching dynamics [3, 8, [10] [11] [12] [13] [14] and polymer structure [3, 10, [15] [16] [17] . In contrast, polymer dynamics have received rather less attention; here we focus on this aspect of polyaniline behaviour, via an exploration of film viscoelastic properties.
Quite generally, one might expect electroactive film composition, structure and dynamics to be related. Consequently, the absence of information on any one of these aspects prevents fundamental understanding of film behaviour. As indicated above, the current paucity of information on polymer dynamics is the weak link in this chain of understanding. The primary focus of most of the studies cited above has been the transfer of mobile species (electrons, ions and solvent), since these are the most directly linked to the measured responses, for example current-voltage curves. However, partition into and transport through the film of the mobile species is clearly highly dependent on the characteristics of the medium through which they move. One obvious example is that the rate of ion diffusion through a fluid-like film will be dependent upon the film viscosity.
As will be discussed below, the latter can be related to film viscoelastic properties, which are ultimately a manifestation of polymer chain dynamics. Through arguments of this nature, it becomes clear that polymer dynamics (film viscoelastic properties) can generally be expected to be key determinants of device performance in practical applications.
We have recently described the evolution of polyaniline viscoelastic properties during film growth from aqueous perchloric acid solution [18] . However, there are a number of studies which indicate that the structure and properties of polyaniline films show significant dependence on the background electrolyte composition, notably concentration and the identity of the "dopant" anion [16, 19] . Based on SEM images [3, 16] and electrochemical quartz crystal microbalance (EQCM) data [3, 10, 16] of polyaniline films, it has been proposed that anions fall into two categories. Empirically, so-called "class 1" anions (BF 4 - , ClO 4 -and CF 3 CO 2 -) lead to compact films, while so-called "class 2" anions (SO 4 2- , NO 3 -and Cl -) lead to more open films [16] ; however, the underlying rationale for this distinction is not clear. Correlation of EQCM and SEM morphological data could in principle be helpful in this respect, but the fact that the former technique is applied in situ and the latter ex situ means that comparisons are not necessarily straightforward. Simplistically, one might reasonably speculate that the void spaces will be filled with solvent in situ. Since the amount of void space is observed to be quite different for polyaniline prepared using anions from different "classes", the hypothesis we explore here is that the different film solvent populations will result in varying degrees of plasticisation and thereby different film viscoelastic properties.
The experimental approach is to use a high frequency acoustic wave device (a thickness shear mode, TSM, resonator [20] ) to determine the surface mechanical impedance, from which one can extract the film mechanical behaviour [21] . We parameterize this in terms of the shear modulus (G), expressed as the complex quantity G′ + jG″, where G′ is the storage modulus, G″ is the loss modulus and j indicates the phase relationship. The three objectives we address in this report are the influences (if any) on film shear modulus of (i) anion identity during polyaniline electrodeposition, (ii) applied potential (film charge state) during subsequent redox cycling in background electrolyte, and (iii) changing anion between deposition and redox cycling. Answers to these questions should be relevant to the preparation and exploitation of polyaniline films in practical applications.
EXPERIMENTAL

Instrumentation
The EQCM and crystal impedance instrumentation have been described in detail elsewhere [22] [23] [24] . For both film deposition and subsequent characterization experiments, a conventional three electrode cell was used. Polished AT-cut 10 MHz quartz crystals (International Crystal Manufacturing Co., Oklahoma City, USA) with Au electrodes (electrochemical and piezoelectric active areas, respectively, of 0.23 and 0.21 cm 2 ) were used. The crystal was mounted at the bottom of the cell using silicone sealant (DowCorning 3145 RTV) so that one of the Au electrodes was exposed to the solution and acted as the working electrode. The reference electrode, against which all potentials were measured and are reported, was a home-constructed saturated calomel electrode (SCE).
The counter electrode was a Pt gauze.
Crystal admittance spectra were acquired using a Hewlett Packard HP8751A network analyzer, connected to a HP87512A transmission/reflection unit via a 50 Ω coaxial cable [14, 25, 26] . Electrochemical and crystal admittance spectral data collected via a computer running HPVEE software and connected to the network analyzer through an HP10833B interface card. The surface mechanical impedance, Z s , of the acoustic wave resonator was obtained by measuring the scattering parameter, S 11 (f), of the transmission/reflection unit as a function of frequency, f, in the vicinity of the crystal resonance [25, 26] :
where Z 0 is the standard impedance of the system (here, 50 Ω). For calibration purposes, initial measurements were carried out on the bare crystal in air and in solution (both before film deposition) to obtain crystal and solution parameters, respectively [18, 27] .
Materials and procedures
Aniline (Alfa Aesar, 99%), HClO 4 (BDH), H 2 SO 4 (Aldrich) and HCl (Aldrich) were used as received. Polyaniline films were grown potentiodynamically (-0.2 ≤ E/V ≤ 0.9; v = 10 mV s -1 ) from aqueous 0.1 M aniline / 1 M aqueous acid (HClO 4 , H 2 SO 4 or HCl). A fresh sample of solution was used for each deposition experiment. All deposition and characterization measurements were carried out at room temperature (20±2 °C).
During deposition, acoustic admittance spectra were recorded at 2 s (20 mV) intervals.
Preliminary experiments showed that the rate of film deposition is different for the different deposition media. However, we wished to determine materials properties that may differ in different thickness regimes [3, 10, 16, [28] [29] [30] . Consequently, we terminated the deposition experiments after different numbers of potential cycles such that the resultant films were of comparable thickness (i.e. similar polymer coverage). Typically, this was after 20 cycles in HClO 4 , 10 cycles in HCl and 9 cycles in H 2 SO 4 , at which point the cell was disconnected at the negative end of a potential cycle.
Practically, one can extract accurate shear modulus data from admittance spectra where there is sufficient damping (>10% drop in peak admittance from that for the bare electrode) to distinguish it from the acoustically thin regime, but not so much that the signal:noise ratio is compromised (> 80% drop in peak admittance) [18] . The conditions above satisfied this requirement, a fact that was readily observed visually on screen as the raw spectra were acquired. Expressed in more fundamental terms, this corresponds to an acoustic phase shift (ϕ) greater than 20° [18] (below which the film is regarded as acoustically "thin") but less than 90° (where complications associated with film resonance arise [31] [32] [33] ). The value of ϕ (for a shear acoustic wave of angular frequency, ω = 2πf) across a film of thickness h f and density ρ f is related to the viscoelastic properties of the film by [24, 27] :
where:
and ( ) ( )
Following deposition, the film was rinsed with distilled water and transferred to fresh monomer-free background electrolyte for voltammetric and acoustic characterization (in the range -0.2 < E/V < 0.5, spanning the first redox process). Two types of experiment were carried out, one in which the film was characterized using the same acid (anion) solution as for deposition and one in which the acid (anion) was changed.
Data Fitting
Procedures for the extraction of shear moduli (storage and loss components) have been discussed in detail elsewhere [18, 22, 24, 27, 34] . Values of G′ and G″ were calculated using the Maple package by fitting experimental impedance (Z) data using [21, 22, 34, 35] :
In Eq. 5, Z f is the characteristic mechanical impedance of the film:
γ is the shear wave propagation constant in the film [21, 25, 27] :
and Z L is the characteristic mechanical impedance of the solution (a semi-infinite Newtonian fluid) [18, 27] :
ρ L and η L are the density and the viscosity of the solution, respectively, and v f is the acoustic wave velocity across the film.
Polymer trapped within surface features (roughness) of the electrode was treated as a rigidly coupled ideal mass and is represented by the first term on the right hand side of Eq. 5. To determine viscoelastic properties, one should minimize the effect of this term with respect to the second (viscoelastic) term in Eq. 5. This was accomplished by use of polished crystals, for which the scale of roughness (ca. 5 nm by AFM imaging) is ca. 1-5% of the film thickness across the range where shear moduli are determined [18] .
In principle, in order to fit the shear moduli, one requires values of film density, ρ f , and thickness, h f [18, 33] , although we note that fitted values of shear moduli for soft films show a general insensitivity to the film density value. In the specific case of polyaniline exposed to aqueous solution, the situation is simplified further, due to the similar densities of aniline (monomer density, ρ M = 1.02 g cm -3 ) and water (ρ S = 1.0 g cm -3 ). A film density of ρ f = 1 g cm -3 was used, but any ambiguity about film solvation introduces negligible uncertainty into the film density used to fit the shear moduli. As described previously [18] , values of film thickness were obtained by an optimization process, that combines a coulometric assay (from molar coverage, Γ f , and monomer density, ρ M ) to generate the physically allowable lower boundary of h f with the requirement for real and positive values of both G′ and G″. Together, these constraints define a narrow range of permissible film thickness, within which G′ and G″ values varied very little. As a further check, at the end of selected experiments, AFM images were taken to assess film thickness directly. The outcomes were consistent with the acoustically determined values and also revealed some roughness, which the acoustic experiment "averages" across the crystal.
As a final test of internal consistency, shear moduli were used to calculate the acoustic wave decay length in the propagation direction, perpendicular to the interface [18, 25, 26 ]:
One would expect to be able to obtain physically realistic and accurate values of shear modulus components when 0.1 ≤ h f /δ ≤ 2 [18] . The lower bound marks the point at which viscoelastic effects cease to be significant. At the upper bound, the round trip for the acoustic wave (to the outer film interface, reflection, and back to the electrode) is 4δ, at which point the intensity of the reflected wave is less than 2% of that for the outgoing wave, so signal quality becomes limiting. (involving progressive or instantaneous nucleation, 2D or 3D growth and the presence of diffusional control, according to the electrolyte); (ii) stability differences (due to differing anion lyophilicity [3, 40] ) in ion pair formation between the anion and the anilinium species produced during monomer oxidation; or (iii) the Gibbs energy change associated with ion formation in aqueous solution [30] , which follows the order SO 4 2-< Cl -< NO 3 -< ClO 4 -for polyaniline salt formation. We do not duplicate these efforts by pursuing the origins of these effects, but rather extend the investigation by exploring their consequences in terms of materials properties. In this respect, we note two examples of the qualitative recognition of a relationship between growth rate and properties. First, faster polyaniline growth (by a factor of 3) in SO 4 2-than in ClO 4 -was attributed [7, 43] 
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Effect of anion on film viscoelastic properties during deposition
In this section, we explore the temporal evolution of film mechanical properties during deposition as a function of the anion present, via the shear modulus component values as functions of anion and film thickness. This explicitly focuses on the direct effect of the medium of preparation on the resultant film properties. In a subsequent section, we will focus on if/how exposure to a different medium re-directs the film dynamics, which will test the film's "memory" of preparation conditions. From the shear moduli shown in Fig. 3 , we can determine the decay length (defined by Eq. 9) and the acoustic phase shift (ϕ, defined by Eq. 2); the outcomes are shown in Fig.   4 . We note that δ is a material property, but ϕ is a property of both the material and the sample (via film thickness). The decay lengths all follow a similar pattern and a combination of the relatively similar shear moduli and their modest (square root)
influence over decay length results in similar long time limiting values of decay length in all media, ca. 2 μm. It is worth noting that the decay length is always significantly larger than the film thickness (h f ≤ 0.7 μm). This validates the "acoustically thick but finite film" analysis used here; the system never enters the semi-infinite regime, in which the response becomes insensitive to film thickness because the acoustic wave does not traverse the film.
In contrast to the decay length, the acoustic phase shift (Fig. 4, panel b) steadily increases with the film thickness. Over the interval shown, the phase shift for each film remains in the optimal range for shear modulus determination. In particular, it does not approach the value of π/2 associated with film resonance. Again, the modelling protocol is validated.
The phase shift trajectories of films grown in H 2 SO 4 and HCl are similar to each other, while the phase shift trajectory of films grown in HClO 4 is distinct and traverses the phase shift dimension more slowly. This is another manifestation of the fact that films grown in HClO 4 are stiffer (less deformable) than those grown in either H 2 SO 4 or HCl.
Polyaniline film characterisation in monomer-free electrolytes
Having discussed the viscoelastic signatures of polyaniline films as a function of thickness during growth from different media, we now shift to determination of shear moduli in monomer-free electrolyte solutions. The obvious variation we explore is that with film oxidation state (doping level), as controlled via applied potential. We addressed this for two parallel sets of experiments: (i) for films exposed to the same electrolyte (anion) as used in film deposition and (ii) for films exposed to a different anion to that used in film deposition. In the latter case, we illustrate the principles by showing data for one representative permutation of deposition / cycling anions, rather than presenting an encyclopaedic tour of all possible permutations. The interesting follow-up question is whether the film retains a "memory" of the deposition conditions, for example via a templating or other structural feature of the anion/polymer combination, or simply adopts a structure and dynamics that correspond to the immediate ion of exposure. The evidence we found, as illustrated in Fig. 6 by the example of a film grown in Cl -then cycled in SO 4 2- , is that there is a clear response to changing anion identity. For this particular example, the observed shifts of the G′ and G″ values towards those of the "new" electrolyte -indistinguishably so for G″ -were complete within one potential cycle.
Analogous effects have been reported [28] in photocurrent transient experiments, in which photocurrents produced by polyaniline films were sensitive to the particular electrolyte solution (probing medium) rather than to the deposition solution (preparation medium). The same has also been observed for electrochemical impedance responses [49] , which are governed by a combination of electron and ion dynamics. Turning to the polymer component of the system, SEM images of newly prepared films show film morphologies that are characteristically different for different deposition medium anions [3, 16] ; the effect of cycling in changed electrolytes was not explored using this technique. In our experiments, we attribute this rather significant property of responding to the electrolyte to the fact that the films are relatively soft, so the polymer chains are mobile (on the timescale of the experiment) and can reconfigure their molecular geometry to that optimum for the electrolyte that permeates them at any given time.
The relatively modest, though indisputable, variations of G′ and G″ with potential are highlighted by means of a differential presentation format in Fig. 7 . We have previously shown (for the restricted case of a single electrolyte) that it is useful to define normalized differential (with respect to potential) functions of the shear modulus components as follows:
and . One feature that is noticeable is that the marked asymmetry with respect to potential scan direction that is visible in the i-E responses (and widely reported in the polyaniline literature) is not seen in the ξ′-E and ξ″-E responses. The implication is that the factors that determine these responses are distinct in some way: since charged species (electron/ion) populations and motions control the current response, it is a reasonable speculation that uncharged (e.g. solvent) species populations are more directly correlated with viscoelastic properties.
Correlating our observations more widely with those in the literature (see above), the picture is one in which probes of electron, ion and polymer dynamics all show film response to the immediate electrolyte of exposure; there is no permanent "memory" of the deposition medium. We suggest that there are three significant features of the polymer-based dynamics explored here through viscoelastic properties. First, one of the factors in controlling electron mobility will be chain planarity, which in turn will be partly controlled by polymer/anion interactions. The ability of the polymer chains to move and re-orient to the structure -of which ring-ring co-planarity is one aspectassociated with a given anion thus influences the facility for electron transport rates to respond to electrolyte composition. Second, one can relate the loss modulus to the viscosity (η) through the relationship G″ = ωη, where ω = 2πf is the angular frequency of the modulation. Thus, changes in G″ control the film viscosity, which in turn (simplistically through the classical Stokes-Einstein relation, D α 1/η) governs the rate of ion diffusion; if one wishes to focus on ion migration, the classical Einstein equation
relates mobility linearly to D. Finally, we note that the larger scale motions in both length and mass terms of polymer segmental motion, as compared to the motions of mobile species (electrons, ions and solvent), will generally result in polymer being the slowest to respond. The fact that we do observe changes in polymer dynamics means that the cascade of other processes (associated with electron, ion and solvent transport) will necessarily occur.
The one feature that we have not explored here is the relationship of polymer dynamics to film solvation. In order to do this, we require the absolute population of solvent within the film; gravimetric measurements using the EQCM on acoustically thin films only provide relative populations, i.e. population changes derived from mass (frequency)
changes. In a subsequent study we will pursue this matter using neutron reflectivity, a powerful in situ technique capable of determining both the overall absolute populations of film components and their spatial distributions. Within the range explored, we find that the shear modulus components are largest (i.e.
CONCLUSIONS
the films are stiffest and have the greatest loss) in perchlorate medium; the values in sulphate and chloride media are similar to each other and somewhat smaller than in perchlorate medium. It is noteworthy that a previous empirical classification of anions as polyaniline dopants placed perchlorate in one category ("class 1") that is characteristic of compact films with low transport rates, and sulphate and chloride in another category ("class 2") that is characteristic of more diffuse films with faster transport rates. This pattern is consistent with the notion that the loss modulus is a measure of film viscosity, η, via G″ = ηω: higher loss moduli represent higher viscosity and thereby slower mobile species transport (by diffusion or migration).
In monomer-free background electrolyte solution, the film shear moduli responded to the applied potential. For all anions and both components, shear moduli increased modestly with film oxidation. This effect was chemically reversible, although there was some hysteresis with applied potential on the timescale of slow scan voltammetric experiments.
Through one test case, involving chloride-prepared films subsequently exposed to sulphate, we found that redox cycling in an electrolyte involving a different anion to that used for film deposition resulted in a rapid shift in viscoelastic properties towards those of the ambient medium. For the relatively soft films involved, we associate this with rapid and complete exchange of dopant within a redox cycle.
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